
27 March 2019 New Scientific Capabilities at European XFEL

ULTRAFAST DYNAMICS AND HIGH 

RESOLUTION SPECTROSCOPY OF MOLECULES

K. C. Prince

1. High resolution spectroscopy.

2. Time resolved: pump-probe.

3. Time-resolved: phase (attosecond) control of double pulses

4. Time resolved: interferometric

5. Future time-resolved: attosecond pulse trains.

6. Source requirements.
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1. A hard and ultrahard X-ray source based on conventional undulator

technology and advanced lasing options.

2. An ultrahard X-ray source based on in-vacuum undulator.

3. A hard and ultrahard X-ray source based on the superconducting undulator

technology.

4. Soft X-ray FEL line with extended user capabilities.

5. External Seeding using EEHG or cascaded HGHG.

6. THz Coherent radiation generation with spent FEL beam.

7. Superradiance for X-ray Production.

1. A hard and ultrahard X-ray source based on conventional undulator

technology and advanced lasing options.

2. An ultrahard X-ray source based on in-vacuum undulator.

3. A hard and ultrahard X-ray source based on the superconducting undulator

technology.

4. Soft X-ray FEL line with extended user capabilities.

5. External Seeding using EEHG or cascaded HGHG.

6. THz Coherent radiation generation with spent FEL beam.

7. Superradiance for X-ray Production.

Soft x-ray region: carbon, nitrogen, oxygen edges, L edges of 3d metals are available.

Time scales: C, N, O 1s lifetimes – 4-8 fs.

To paraphrase John F. Kennedy (who paraphrased George Bernard Shaw):

Some men see things as they are, and say why;

I dream of spectroscopies that never were (at an XFEL), and say "why not"?

The brief.
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1. High resolution: necessary for resonant experiments.

Tuning the last undulator to another harmonic gives the possibility to control the phase

between two pulses with different commensurate wavelengths.

GINGER simulations
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Scheme: two-photon, first harmonic PLUS one-photon, second harmonic ionization

of Ne.

P1=cos(θ)

P2=1/2(3cos2(θ)-1)

P3=1/2(5cos3(θ)-3cos(θ))

P4=1/8(35cos4(θ)-30cos2(θ)+3)

By choosing the Ne 2p54s resonance, 62.97 nm, we aim to avoid outgoing f waves.
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1. High resolution: necessary for resonant experiments.
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Interference = asymmetry

s p s+p

• Left-right asymmetry in photoelectron angular distribution is due to the interference

between p-wave (2-photon process from fundamental) and s/d-wave (1-photon process 

from 2nd harmonic).

• Asymmetry depends on the relative phase of temporally coherent radiation pulses. 
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1. High resolution: applied to coherent control.

exploits 3 attosecond phase resolution,

extremely stable, narrow bandwidth.
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1. High resolution spectroscopy: two-photon resonances.

schematic excitations.
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Two-photon, doubly excited states of He.

One-particle, two-electron system: the smallest

quantum system in which correlation is important.
exploits high intensity,

narrow bandwidth
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1. High resolution spectroscopy: double core holes.

Sequential double core hole spectroscopy:

provides more chemical information

about the target.

Requires higher photon stability (seeded?)

and shorter pulses.

PNAS 108 (2011) 16912

exploits high intensity, short pulse duration.
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1. Resonant spectroscopies require high resolution.

Resonant Raman spectroscopy (RIXS)

Coherent Anti-stokes Raman Spectroscopy 

Stimulated Raman Adiabatic Passage (STIRAP)

Etc.

Covered yesterday by Nina Rohringer,

Thomas Pfeiffer.
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2. Time-resolved = dynamics

A recent example from FERMI: 

acetylacetone.

On photoexcitation, it dissociates.

The experiment: excite (pump) with UV light,

then probe the valence band with FEL light after 

a given time.

The photoelectron peaks identify the species present.

R. Squibb et al, Nature Comm. 9 (2018) 63.

P.I. M. N. Piancastelli,

A. Zewail, Nobel Prize for Chemistry, 1999.

Optical lasers.
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Analysis: the peak areas as a function of time

provide populations and lifetimes for various 

processes. Ions indicate which fragments are 

formed.

Theory tells us which states are involved and

how they evolve.

The excited S2 state (blue data points) 

very quickly converts to the lower 

energy state S1 (brown points).

This then decays more slowly to the 

T1 state (green points).

R. Squibb et al, Nature Comm. 9 (2018) 63.

PI: M. N. Piancastelli.

2. Time-resolved: pump-probe.

exploits FEL-UV synchronization (7 fs), high intensity.

will work well with core level chemical sensitivity.
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The Tannor-Rice, or pump-dump or pump-control scheme.

The first pulse pumps a target to higher energy. The second pulse:

- if it is in phase, pumps the target from the ground state up to higher energy,

- if it is in antiphase, pumps the target down (dumps) to the ground state.

3. Time-resolved: phase (attosecond) control 

of double pulses
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The population (ion signal) oscillates as a function 

of phase. The second pulse either pumps or dumps,

according to phase. Period: 170 attoseconds.

Also known as Ramsey fringes.

Optical interference patterns

as a function of phase.pulses in phase pulses out of phase

exploits extremely accurate – few attoseconds –

temporal resolution.

Double seeding required.

3. Time-resolved: phase (attosecond) control 

of double pulses

He Rydberg state population
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Ionization of Ar 3s and 3p by an attosecond

pulse train, in the presence of an IR pulse.
K. Klunder et al, Phys. Rev. Lett. 106 (2011) 143002

An interferometric technique, using pulse

trains: RABBITT

Reconstruction of Attosecond Beating By 

Interference of Two-photon Transitions.

RABBITT uses an IR pulse as a kind of reference.

Corrections are necessary for the effect of the IR field.

Can we do without it?

4. Time-resolved: interferometric.
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4. Time-resolved: interferometric.

Use first and second harmonics, and scan phase.

Observe the changes in odd β parameters.

β parameters <-> angular momentum

<-> partial waves.

Extract Wigner time delay – experimental resolution 3 attoseconds.

See talk of Kiyoshi Ueda.
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Tzallas et al, Nature 426 (2003) 427.

Pulse sculpting or tailoring?

e.g. Tzallas et al measured a train

of pulses with width 780 as.

Can we extend this to molecules? 

And to solids?

How short can the wavelength be?

5. Future time-resolved: attosecond pulse trains.

Time domain.Frequency domain

J. M. Dahlstrom et al, J. Phys. B: At. Mol. Opt. Phys. 45 (2012) 183001
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Undulators tuned at harmonics

By tuning each undulator at a successive harmonic, and setting the phase correctly,

a train of attosecond pulses can be generated. First experiments have been completed.

6. Time-resolved: attosecond pulse trains.
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Chirality
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The FERMI machine physics team has developed modes of operation that were

not considered (or considered impossible) before construction.

- Phase control of two overlapping hamonics.

- Phase control of temporally separated pulse. Gauthier et al, PRL 115, 114801 (2015).

PRL 116, 024801 (2016).

- Exploitation of chirp. De Ninno et al, PRL 110 , 064801 (2013).

- XUV pump-probe pulses at very different wavelengths, with control

of the delay. E. Ferrari et al., Nat. Commun. 7, 10343 (2016).

- Overlapping, incommensurate, phase locked wavelengths. Roussel et al, 

PRL 115, 214801 (2015).

- Spectrotemporal pulse shaping. Gauthier et al, PRL 115, 114801 (2015).

Flexible design.
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EEHG at FERMI

In May-August 2018 the FERMI FEL-2 was modified to test EEHG modulation and 

amplification in the VUV-Soft X-ray spectral range. 

The layout was modified as follows :

1. First radiator (RAD1) open and not used. 

2. Second modulator (MOD 2) replaced with a long period module to ensure resonance

with a seed at 260 nm 

3. Delay line used as the first strong dispersion. 

4. Second laser injection before MOD 2

Courtesy of Luca Giannessi,

for FERMI accelerator group.
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EEHG spectra at soft x-ray wavelengths.

With recent experiments at FERMI we 

have measured FEL pulses with ~10 µJ

down to 6 nm with very narrow 

bandwidth spectra.

Clear indication of FEL amplification is 

demonstrated with exponential growth 

of the power along the radiator. 

Courtesy of Luca Giannessi,

for FERMI accelerator group.



27 March 2019 New Scientific Capabilities at European XFEL

7. Which source for this science?

High spectral and temporal resolution

-> control quantum systems 

-> photochemistry

-> dynamics.

Short pulses, < 10 fs, preferably less.

Multi colour for coherent control, Raman class, etc experiments.

Phase control for double pulses.

Full polarization control (chiral dynamics?)

(Near) transform limited.

UV-FEL jitter < 1 fs – unless you use interferometry.

Flexible design.

User communities: FELs are a "marriage of inconvenience"  between lasers and 

synchrotrons – they combine the disadvantages of both (and the advantages.)

To engage with laser scientists – a possible strategy is to use the techniques they know.

Seeded? EEHG? Superradiance?
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4. Soft X-ray FEL line with extended user capabilities

- Extended tunability range.

- Lower photon energies.

- Pump-probe experiments, independent FEL colors.

- Full polarization control.

- Significant increase of the coherence time. 

5. External Seeding using EEHG or cascaded HGHG

- Wavelength could be down to 2 nm

- Repetition rate up to 100 kHz.

- Pulse duration around 6 fs (300 microJ) 

- 0.08% bandwidth. 

- EEHG simulations - similar parameters at 230 eV (5.4 nm).

7. Superradiance for X-ray Production

- High power, very short pulses comparable to the coherence time.

- Peak power an order of magnitude higher than normal. 
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Acknowledgements

Two colour.

Two photon resonant excitation.
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Pump-probe.

Double core hole.
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Thank you for your attention.


